The maximum nonrecombinant interval is defined by the SSLPs D5Mit307 and D5Nwu2. The animals with recombinations between these SSLPs and Clock are noted. Also shown are restriction sites for NotI (depicted with an [N]), which identify two CpG islands associated with the 5Ј ends of Clock and pFT27. YAC and BAC contigs of the Clock region are shown below. Only four clones from the 32 clone YAC contig are shown. YACs 18 and 12 are chimeric clones and appear to be identical to YACs B16.S5.RE.C12 and B14.S4.RH.C8 in Brunkow et al. (1995) ; the part of each clone not mapping to this region of chromosome 5 is represented by a dashed line. The YACs were isolated from a library constructed by Kusumi et al. (1993) , except for clone 55, which came from a library constructed by Larin et al. (1991) . The BAC clones were isolated from a library constructed in Dr. Melvin Simon's laboratory. (C) Candidate genes mapping to the nonrecombinant interval. Shown are their relative locations and transcriptional orientations.
background . BALB/cJ (BALB), Clock (data not shown). An additional clone that spans the entire D5Mit307-D5Mit112 interval (YAC 55 in Figure  C3H /HeJ (C3H), and Mus castaneus (CAST/Ei) were used as counterstrains to generate 12 mapping cross 1B) was identified from YAC DNA pools of the other two libraries (maintained by the Cloning Core Laboratory at panels segregating the Clock mutation. Including 1804 meioses reported in King et al. (1997) , we have now the Baylor College of Medicine). Long-range restriction mapping of these YAC clones with NotI, NruI, and EagI genotyped over 2400 meioses obtained from these crosses. We have used simple sequence length polyrevealed two CpG islands (Antoch et al., 1997 [this issue of Cell] ) and allowed us to estimate the D5Mit307-morphisms (SSLPs) (Dietrich et al., 1992) to map Clock to a 0.2 cM interval, 0.1 cM distal from D5Mit307 (3 D5Mit112 interval to be about 400 kb ( Figure 1B ). Two YACs mapping to the Clock region (YACs 55 and 40 recombinants/2401 meioses) and 0.1 cM proximal to D5Mit112 (1 recombinant/845 meioses) ( Figure 1A ).
in Figure 1B ) appear to be intact, nonchimeric clones. Further analysis of this YAC contig indicated that about To identify genomic clones that map to the genetic interval containing Clock, we screened three yeast half of these clones are chimeric (D. P. K. et al., unpublished data) . To obtain clones that are more amenable to artificial chromosome (YAC) libraries (Larin et al., 1991; Chartier et al., 1992; Kusumi et al., 1993) . We identified manipulation and less likely to be chimeric, we isolated bacterial artificial chromosome (BAC) clones (Shizuya 42 YAC clones from one of these libraries (Kusumi et al., 1993) , using SSLPs from the Clock region and se et al., 1992) , using the genetic markers that most closely flank Clock (D5Mit307 and D5Mit112) as well as the quence-tagged sites (STS) derived from the sequence of loci mapping close to Clock (Pdgfra, Kit, Flk1, yREB16,  nonrecombinant SSLPs and the STSs that map (by YAC content mapping) to the D5Mit307-D5Mit112 interval. and yREB14) (Brunkow et al., 1995; King et al., 1997) . Of these clones, 32 define a contig about 4 megabases in
The BAC contig of the minimal genetic interval containing Clock consists of 11 overlapping BACs and 1 length that spans the nonrecombinant region containing independent BAC with one gap between the distal end of BAC 50 and the proximal end of BAC 52 ( Figure 1B) .
To reduce the minimal genetic interval containing Clock further, one BAC clone (BAC 51) was used to identify new SSLPs. From two small-insert M13 subclone libraries of this BAC, we identified seven simple sequence repeats (SSRs) (D5Nwu1-D5Nwu7 in Figure  1B ). All of these SSRs reveal interspecific polymorphisms between the B6 strain and CAST/Ei, and D5Nwu4, D5Nwu5, D5Nwu6, and D5Nwu7 reveal intraspecific polymorphisms between the B6 and C3H strains as well. The closest distal recombination, detected in animal t1134, is also recombinant for five of these new markers and defines D5Nwu2 as the closest distal Figure 1B ). An additional set of SSRs were later Northern blot analysis of RNA extracted (at ZT6) from eye and hypoobtained from sequence analysis of the BAC 52 shotgun thalamus of (BALB/cJ ϫ C57BL/6J)F2 and F3 wild-type and Clock/ sequencing project (see below). These SSLPs, D5Nwu8-Clock mice, using the yz50 cDNA clone as probe, reveals a reduction D5Nwu14, also identify interspecific polymorphisms bein the level of mRNA expression of both the ‫8ف‬ kb and ‫11ف‬ kb tween B6 and CAST/Ei; however, none of them detected transcripts. The positions to which standards migrated and their recombinations with Clock.
sizes are shown on the right. The bottom panel shows the same filter hybridized with a 32 P-labeled oligonucleotide of 18S RNA for normalization.
Candidate Gene Identification
No previously identified genes had been mapped to the nonrecombinant interval containing the Clock locus.
Procedures), and COT-1 DNA. We identified 60 clones Therefore, we took three different approaches to identify that were positive for the BAC 51 probe and negative for candidate genes: (1) direct screening of SCN cDNA lithe other three probes. We sequenced these 60 selected braries using BACs 51 and 52 as probes; (2) cDNA selecclones and tested them for hybridization to the BAC tion of SCN cDNA using BAC 51 as ''driver;'' and (3) Southern blots described above. Of the 60 clones, 38 shotgun sequencing of M13 libraries subcloned from appeared valid by sequence, 14 had repetitive seBACs 52 and 54. The first two of these methods used quences, and 8 were false positives (ribosomal or vector cDNA libraries constructed from the mouse SCN. These DNA). All 38 positive clones mapped to the Clock region libraries were important resources for the analysis of on BAC Southern blots. These cDNA-selected fragexpressed sequences because the SCN is very small ments appeared to represent about 13 different classes (about 16-20,000 neurons), and it is therefore difficult of expressed sequences. These fragments were then to obtain high quality mRNA samples.
used to screen the SCN cDNA libraries to obtain comFor direct screening, two different BAC clones (BACs plete cDNA clones. From this screen, we identified 25 51 and 52), which together cover ‫4/3ف‬ of the genetic types of cDNA clones that mapped to the Clock region. region containing Clock, were used as complex probes
In addition to the cDNA-directed approaches deto screen the SCN cDNA libraries. The cDNAs isolated scribed above, we used shotgun sequencing of genomic using this method were characterized in two ways. The DNA as a third method of transcription unit identificaends of the clones were sequenced, and these setion. Genomic sequence of this region was also useful quences were used to search the DNA and protein sefor several other purposes, including exon mapping of quence data bases with the Basic Local Alignment cDNAs, analysis of transcription units, interpretation of Search Tool (BLAST) (Altschul et al., 1990) . In addition, BAC rescue experiments (see Antoch et al., 1997) , and these cDNA clones were used as probes on Southern
Clock mutation identification and analysis. We chose blots consisting of six HindIII-digested BAC clones that to sequence BAC clones 52 and 54 based on genetic map to the Clock region (BACs 48, 50, 51, 52, 53, and information that defined the interval containing Clock 54; see Figure 1B ). We isolated 15 cDNA clones with ( Figure 1 ). We sequenced the ends of ‫0031ف‬ M13 subthis method, and 6 classes of clones mapped to the clones from BAC 52 and ‫0051ف‬ M13 subclones from Clock region.
BAC 54, with an average read length of ‫085ف‬ bases, The second method of transcription unit identification which yielded about 4-fold sequence coverage of each was an adaptation of the cDNA selection protocol devel-BAC. Sequences were assembled into contigs and were oped by Lovett (1994) . We used biotinylated BAC 51 placed on the physical map by alignment with SSLPs DNA ''amplicons'' as driver to enrich the SCN cDNA and STSs that map to the Clock region. Each M13 se-''amplicons'' with cDNA fragments that map to the Clock quence was searched against nucleotide and protein region. Following two rounds of this selection, the DNA data bases using several BLAST algorithms (BLASTNobtained (representing restriction-digested fragments nr, BLASTX-nr, BLASTN-dbEST, and TBLASTX-dbEST) of SCN cDNA clones) was cloned, and 576 clones were to find regions of sequence similarity. We identified one picked into six 96-well plates. To characterize these candidate gene from the nonredundant nucleotide data clones, we made replica filters from these plates and base, pFT27 (GenBank accession no. M23568; Akagi et then screened them with the following probes: BAC 51 al., 1988) , that was completely identical to exons in the (positive probe), BAC 48 (negative probe), c-fos (a positive control for the selection method; see Experimental genomic sequence ( Figure 1C ). Su et al., 1992) , the g subunit sequences from these cDNA clones with the genomic of bovine ATP synthase F o membrane protein (S70448; sequence contigs of BACs 52 and 54 suggested that Collinson et al., 1994) , and human MOP4 (U51625; Homany of them were partial transcripts of our primary ganesch et al., 1997). The bendless similarity (90% nucandidate. To characterize these clones further and to cleotide identity) is addressed in the accompanying padetermine complete expressed sequences of the gene, per (Antoch et al., 1997) . The similarity to mouse APC all of these cDNA clones were sequenced. (92% nucleotide identity) occurred in the 3Ј untranslated
We identified 11 different types of cDNA clones ( Figure  region and extended off the proximal end of BAC 52 in 3A). Based on exon mapping of this set of cDNA clones, the 5Ј direction. The MOP4 similarities (69% nucleotide the transcribed region of this Clock candidate gene identity) were scattered throughout the genomic sespans almost 100,000 base pairs of genomic sequence quence, and one locus contained ATP synthase similarand contains 24 exons. Two of the exons (exons 1a and ity (73% nucleotide identity). In addition to the candidate 1b) are distal to a set of three NotI sites that identify a sequences found in the nonredundant nucleotide data CpG island. There is alternative use of exons 1a and 1b base, we also identified 25 expressed sequence tags in clones yz50, L8 and yz80. Interestingly, yz80, the only (of both mouse and human cDNAs) in the EST data base apparently full-length clone beginning with exon 1a, that fell into 10 classes. Seven of these EST classes skips exons 19-22 and part of exon 23. In addition, the aligned to a ‫4ف‬ kb region of genomic sequence on the partial cDNA clone L7c skips exons 18 and 19. The proximal end of BAC 54, and several shotgun sequences complete cDNA sequence of this gene is ‫000,01ف‬ nucledefined mouse EST identities.
otides in length, with an open reading frame of 2565 To determine the expression patterns of selected canbases extending from the middle of exon 4 to the 5Ј end didate sequences, we probed Northern blots of total of exon 23. The first four exons (1a, 1b, 2, and 3; Figure  RNA collected at Zeitgeber Time 6 (ZT6, 6 hr following 3A) contain 5Ј untranslated sequence that originates light onset) from hypothalamic tissue and eyes of wildfrom a CpG island. The presence of a CpG island is type and Clock/Clock mutant mice. As described in the characteristic of the promoter regions of both constituaccompanying paper (Antoch et al., 1997) , data from tively expressed and tissue-specific genes (Bird, 1992; the transgenic BAC complementation analysis indicated Kozak, 1996) . Within the 5Ј untranslated region, there that the wild-type circadian phenotype was completely are multiple stop codons in all three reading frames, rescued in Clock mutant mice by BAC 54. Therefore, including seven stop codons in-frame preceding the candidate gene expression analysis was limited to ORF. There are two methionine codons at the beginning clones mapping to this 140 kb region. Hybridization patof the ORF (see Figure 3B ). The nucleotide sequence terns detected on the Northern blots suggested the exissurrounding both of these methionine codons corretence of at least four different genes within this interval sponds well to the Kozak consensus translation initia-(data not shown). Subsequently, most of these exprestion sequence, with purines at the Ϫ3 and at the ϩ4 sion patterns were determined to be the result of either positions (Kozak, 1996) . The scanning translation initiachimeric cDNA clones (two cases) or nonidentical clones tion hypothesis predicts that the first of these methiothat cross-hybridized to BAC clones from the Clock renines is likely to be the start codon for this protein (Kogion (one case). One M13 shotgun sequencing clone zak, 1996) . Following a termination codon (TAG) in exon with sequence similarity to the predicted PERIOD-23, there is a very long 3Ј untranslated sequence ‫6ف(‬ ARNT-SIM (PAS) domain (Nambu et al., 1991) yz197). The sequence of this 3Ј untranslated region is kb in size and revealed an RNA abundance difference AT rich, with eight ATTTA sites, which are often found between wild-type and Clock/Clock mice in both hypoin transcripts with short half-lives (Sachs, 1993) . In addithalamus and eye. A cDNA clone (yz50) also having tion, in the genomic sequence ‫0052ف‬ bp downstream sequence similarity to the MOP4/NPAS2 gene was then from the first polyadenylation site, there are additional used as probe. This clone also detected two transcripts, polyadenylation signal sequences that could be utilized ‫8ف‬ kb and ‫11ف‬ kb in size, and revealed a difference in to form transcripts of ‫01ف‬ kb. Several expressed seabundance between the wild-type and Clock/Clock RNA quence tags (ESTs) identified in the NCBI EST data base samples ( Figure 2) . No other candidate genes detected align to this region and appear to utilize these polyade-RNA differences (of abundance or size) between the nylation signals. The 7.5 and ‫01ف‬ kb transcript sizes wild-type and Clock/Clock mutant genotypes with this based on cDNA and genomic sequence correspond exNorthern blot analysis. Based on these RNA expression tremely well to the ‫8ف‬ kb and ‫11ف‬ kb mRNA transcript differences and the sequence similarity to the PAS dosizes estimated from Northern blot analysis. main of the MOP4/NPAS2 protein, this gene became
Translation of the open reading frame from this Clock our primary candidate for the Clock locus.
candidate predicts a protein of 855 amino acids, of which 112 are glutamine and 100 are serine residues Sequence of the Clock Gene ( Figure 3B ). This protein has an expected mass of 96.4 We next focused our attention on the identification of the complete cDNA sequence of this candidate gene kDa and an isoelectric point of 6.52. Within the predicted protein sequence, there are multiple potential phosphorylation sites and two N-linked glycosylation sites, implicated in the function of transcription factors (Mitchell and Tjian, 1989) . The glutamine residues are concentrated in the C-terminal half of the protein, which is highlighted by a poly-glutamine repeat of 17 residues (interrupted by two proline residues; amino acids 751-769).
A search of the NCBI data base reveals that the nucleotide sequence of this candidate gene is novel. There are only three nucleotide sequences with significant similarity: mouse NPAS2 (U77969, 67% identical), human MOP4 (U51625, 68% identical), and human NPAS2 (U77970, 69% identical; human MOP4 and NPAS2 appear to be cDNAs of the same gene, as they are Ͼ99.5% identical across 1900 overlapping bases). All of these clones were recently identified in screens for new bHLH-PAS domain-containing genes (Hoganesch et al., 1997; Zhou et al., 1997) . A search of the NCBI data base with the predicted protein sequence of this Clock candidate gene shows highly significant similarity to the predicted protein sequences of these same three clones as well as significant similarity to a large number of bHLH-PAS proteins. The candidate protein has very high amino acid sequence similarity to the mouse NPAS2 and human MOP4/NPAS2 proteins in the bHLH region as well as in the PAS-A and PAS-B domains. We also detected sequence similarity in the PAS domains to the Drosophila PERIOD protein. Based on these sequence alignments, we predict that this candidate gene encodes a novel member of the bHLH-PAS domain family of transcription factors ( Figure 4A ). Amino acid alignments of the conserved regions of the predicted protein to several other members of this family are shown in The similarity between the predicted protein of this Clock candidate gene and mouse NPAS2 is quite extensive. In addition to the similarities in the bHLH and PAS domains (see Figures 4B-4D ), it also shares significant similarity to NPAS2 in a 28 residue serine-rich region (amino acids 427-454; 83% identity), and a 55 residue To determine whether the mutation conferring the ala unique splice variant. L7c appears to be a partial clone of the tered circadian phenotypes in Clock mice affects this Clock mutant splice variant transcript. Poly(A) tails of clones yz80,the coding and flanking intronic sequence of exons 4-23, we detected one nucleotide change in the DNA sequence of Clock/Clock mice, an A→T transversion at the third base position of the 5Ј splice donor site of intron 19 ( Figure 5A ). The consensus nucleotide for this position is adenosine, and furthermore, it is almost always a purine (96%) (Krawczak et al., 1992) . Analysis of all of the intron-exon junctions of Clock revealed that an adenosine is present at this position in 20 of 23 5Ј splice donor sites; the remaining three have guanosine at this position (data not shown). Other purine→pyrimi-dine mutations at this position in the 5Ј splice donor site have caused skipping of the exon immediately upstream (Krawczak et al., 1992) . Based on the identification of this nucleotide transversion and in conjunction with the demonstration of phenotypic rescue described in the accompanying paper (Antoch et al., 1997) , we conclude that this gene encodes the Clock locus.
To determine if this mutation has an effect on the exon splicing of the Clock gene, we performed reverse transcription (RT)-PCR on RNA samples collected from hypothalamic tissue of wild-type and Clock/Clock B6 coisogenic mice. PCR primers designed from the cDNA sequence of exons 15 and 21, which flank the potentially skipped exon, were used to amplify a PCR product with a wild-type size of 761 bp. Consistent with the predicted effect of this mutation, the RT-PCR product from Clock/ Clock RNA is ‫051ف‬ bases smaller than the wild-type product ( Figure 5B ). We also detected a second, fainter band in wild-type and Clock/Clock RT-PCR products that is ‫001ف‬ bases shorter than the primary band. All eight of these bands were gel purified, reamplified by PCR, and sequenced. Sequence analysis confirmed that Our initial Northern blot analysis indicated that Clock is expressed in hypothalamus and eye. To characterize the of four wild-type and four Clock/Clock homozygous B6 spatial expression of Clock further, mRNA expression in coisogenic mice. Both strands of these PCR products mouse brain was determined by in situ hybridization. In were then sequenced using the appropriate PCR primbrain tissue collected at ZT6, there is abundant expression of Clock mRNA within the SCN, as well as in the ers. From a total of 160 PCR products amplified from Figure 5 . Identification and Analysis of the Clock Mutation (A) Locomotor activity records and DNA sequence data from wild-type and Clock/Clock isogenic C57BL/6J (B6) mice. Activity records are double plotted so that 48 hr are represented horizontally, and each 24 hr interval is presented both to the right of and beneath the preceding day. Wheel-running activity is indicated by black markings. Mice were kept on a light:dark cycle (LD 12:12) for the first 8 days shown, as indicated by the bar above each record. Beginning with lights-off on day 8, the animals were kept in continuous darkness for the remainder of the record. Shown below each activity record is the DNA sequence of the exon-intron junction 3Ј to exon 19. The DNA used for sequencing was PCR amplified from the genomic DNA of the mice whose activity records are presented above each sequence trace. Arrows indicate the base that is altered in Clock/Clock mutant mice. This A→T transversion was the only nucleotide difference detected from a comparative sequence scan of all of the coding exons (and flanking intronic sequence) of this gene. (B) RT-PCR products. RNA samples for lanes 1 and 2 were reverse transcribed using random hexamer primers. RNA samples for lanes 3 and 4 were reverse transcribed using a gene-specific primer located in exon 23. PCR amplification was performed using gene specific primers from exons 15 and 21, which amplify a wild-type product of 761 bp. Lanes 1 and 3 are RT-PCR products amplified from hypothalamic RNA of wild-type isogenic B6 mice; lanes 2 and 4 are RT-PCR products amplified from hypothalamic RNA of Clock/Clock isogenic B6 mice. (C) Exon content of RT-PCR products. Sequencing of the RT-PCR products revealed that exon 19 is indeed missing in the RNA transcripts of Clock/Clock mice. The additional band seen in the RT-PCR products is the result of the variable splicing of exon 18. pyriform cortex (Figures 6A-6D ). There is also strong that Clock may be a conserved gene. To determine if the Clock gene sequence is conserved in other organisms, expression of Clock in the hippocampus (data not shown). In addition, we detected low level expression genomic DNA samples from several vertebrate species were analyzed by Southern blot analysis. Using PCRthroughout the rest of the brain.
In order to survey the RNA expression patterns of amplified probes from the PAS-B and C-terminal (exons 15-21) regions of Clock, we detected hybridization in Clock more broadly, we analyzed by Northern blot total RNA collected at ZT6 from several mouse tissues. This human, golden hamster, chicken, Anolis lizard, Xenopus frog, and zebrafish DNA samples, in addition to mouse analysis indicates that expression of the Clock gene is widespread ( Figure 6E ). In addition to the hypothalamus DNA ( Figure 7) . and the eye, Clock is also expressed in brain (without hypothalamic tissue), testes, ovaries, liver, heart, lung, Discussion and kidney. In most of these tissues, RNA expression levels appear to be similar to those seen in hypothalaUsing the circadian phenotype of an ENU-induced mutation as a guide for positional clonmus and eye. When detectable, the hybridization pattern (i.e., two transcripts of ‫8ف‬ kb and ‫11ف‬ kb in size) is the ing, we have identified the molecular nature of the gene at the Clock locus. This finding, in conjunction with the same as that seen in hypothalamus and eye.
The amino acid sequence similarity to several bHLHfunctional rescue of circadian phenotype in transgenic mice expressing a BAC clone containing the Clock gene PAS genes in organisms other than mouse suggests contain a "master" circadian pacemaker, which is both necessary and sufficient for determining clock properties of overt circadian rhythmicity (Ralph et al., 1990; Klein et al., 1991) . Because the Clock mutation affects pacemaker properties of circadian rhythms (period and persistence) , the enriched expression of Clock mRNA in the SCN is consistent with its From an evolutionary perspective, it is significant that the Clock gene appears to be highly conserved among vertebrate species, including humans. It is well estab- (Antoch et al., 1997) , provides definitive proof that this lished that circadian organization among the vertebrates gene is involved in the organization of the mammalian involves circadian pacemakers in the SCN, retina, and circadian clock system. The Clock gene is a large tranpineal gland (Takahashi, 1991) . The identification of scription unit that spans ‫000,001ف‬ base pairs of genoClock will provide an important tool for analyzing these mic sequence and contains 24 exons (one for each hour phylogenetic relationships at the molecular level. of the day). The predicted amino acid sequence of the A distinguishing characteristic of the Clock gene is Clock gene product indicates that Clock encodes a the presence of several conserved domains in the amino novel member of the bHLH-PAS domain family of tranacid sequence, including the basic-helix-loop-helix, scription factors. An A→T nucleotide transversion in a PAS-A, PAS-B, and C-terminal Q-rich domains (Mitchell splice donor site that results in exon skipping and a and Tjian, 1989; Murre et al., 1989; Nambu et al., 1991) . deletion of 51 amino acids in the protein product apLike other bHLH transcription factors, members of the pears to be the cause of a number of changes in circabHLH-PAS domain transcription factor superfamily bind dian phenotype, most notably a 3-4 hr lengthening of DNA and modulate transcription following dimerization circadian period, usually followed by a loss of circadian (Murre et al., 1989; Swanson and Bradfield, 1993) . This rhythmicity in constant darkness, in animals homozyfamily of transcription factors has been shown to play gous for the mutant Clock allele. That CLOCK contains important roles in both development and nuclear signalboth a DNA-binding domain and protein dimerization ing (Nambu et al., 1991; Burbach et al., 1992 ; Gradin et domains indicates that it could, in combination with Wilk et al., 1996) . In Drosophila, two of these other proteins, regulate circadian rhythmicity by regulatgenes, single-minded (sim) and trachealess (trh), are ing gene transcription.
''master regulators'' of neural midline and tracheal deThe pattern of Clock expression is consistent with its velopment, respectively (Nambu et al., 1991 ; Wilk et al., role in circadian rhythms King et 1996) . Each of these genes, once induced, maintains al., 1997). Of the neural tissues examined, the levels of expression levels during the development of its approexpression were highest in hypothalamus and eye, both priate tissues by autoregulation (Nambu et al., 1991 ; of which are tissues known to contain self-sustaining Wilk et al., 1996) . At least two other bHLH-PAS proteins, circadian oscillators (Moore, 1995; Tosini and Menaker, the aryl hydrocarbon receptor (AHR) and the hypoxiainducible factor ␣ (HIF␣), respond to cellular distress by 1996). The suprachiasmatic nuclei of the hypothalamus activating response genes (Burbach et al., 1992; Gradin (Takahashi, 1992; Huang et al., 1993) . In fact, recent evidence indicates that PER can interact with bHLHet al., 1996) . These proteins are usually bound to HSP90, but upon dioxin binding or hypoxia, respectively, they PAS proteins to inhibit their ability to activate transcription: protein-protein interactions via the PAS domain interact with the aryl hydrocarbon nuclear translocator (ARNT) (Hoffman et al., 1991) , another member of the have been demonstrated in vitro between PER and SIM, AHR, and ARNT (Huang et al., 1993 ; Lindebro et al., bHLH-PAS gene family, to regulate the transcription of target genes. 1995). These results have led to the idea that there exist as yet unidentified genes interacting with PER (presumThe knowledge that Clock appears to be a bHLH-PAS gene allows us to make some predictions regarding the ably via the PAS domain) that are transcription factors. The mouse Clock gene could be the mammalian oreffect of the mutant allele. The A→T transversion results in the deletion of exon 19, which is situated within the tholog of such a gene. Recent analysis of the per promotor demonstrates glutamine-rich C-terminal region of Clock. Glutaminerich regions of transcription factors are associated with that a 69 bp enhancer sequence is sufficient for high amplitude circadian cycling of per transcription (Hao et transactivation of the transcription initiation complex (Mitchell and Tjian, 1989) . The mutation presumably al., 1997). Interestingly, within this 69 bp region, there is a consensus E box sequence (CACGTG), which is a would not have a significant effect on the N-terminal bHLH and PAS domains, leaving Clock dimerization and bHLH DNA-binding motif (Murre et al., 1989) . Mutations induced within this E box abolish high amplitude per DNA binding intact. Thus, we hypothesize that the mutant CLOCK protein could still dimerize (probably as a mRNA cycling, but do not completely eliminate the rhythm. The activity of the 69 bp enhancer is also depenheterodimer with another bHLH-PAS protein) and bind DNA, but it would be less able to activate transcription. dent upon the protein product of per (Hao et al., 1997) , which provides strong evidence that PERIOD interacts This model could explain two features of the Clock mutation: its antimorphic behavior and the reduced expres-(either directly or indirectly) with bHLH gene products to regulate the rate of per transcription. Among the known sion of Clock mRNA in homozygous mutant mice. We have demonstrated that Clock is an antimorph, a "combHLH-PAS domain proteins, ARNT homodimers bind to the consensus E box sequence as symmetric half-sites petitive" type of dominant-negative mutation ). This conclusion comes from the analysis of (Swanson et al., 1995) . Thus, it is conceivable that a bHLH-PAS protein such as CLOCK could be involved the phenotypic effect of a Clock null allele (in this case, a ‫3ف‬ cM radiation-induced deletion that contains Clock) in regulating per transcription. How might the Clock gene product function in the in trans with the wild-type or Clock mutant allele. The circadian period of Clock/null mice is significantly longer mammalian circadian system? We envisage two working hypotheses for CLOCK function. As is the case for than the period of Clock/ϩ mice, indicating that the wildtype allele is interacting with the mutant allele to lessen the canonical clock genes per, tim, and frq, Clock could play a direct role in a transcription-translation feedback the severity of its phenotypic effect. This is the essential feature of an antimorphic allele (Muller, 1932) . A tranloop that generates circadian rhythms. On this hypothesis, one would expect to see a circadian oscillation in the scription factor that is intact except for its transactivation domain has been suggested as a hypothetical activity of CLOCK (expressed as a change in abundance, localization, and/or functional activity). Alternatively, like dominant-negative mutation (Herskowitz, 1987) . The resulting transcription factor would competitively dimerize sim and trh, Clock could be a master regulator of circadian pacemaker function by controlling the expression and bind DNA, but would be less able to activate transcription, thus disrupting the activity of the wild-type patterns of the components of the circadian oscillator, without necessarily having a circadian rhythm in its own allele. The mutant phenotype would presumably be worse in the absence of a wild-type copy of the gene, expression or activity. In either case, Clock would play a central role in the circadian organization of mammals. in keeping with Muller's description of an antimorphic mutation. The nature of the Clock mutation is entirely
The cloning and molecular characterization of a novel clock gene in mammals provides an entré e for elucidatconsistent with this type of dominant-negative mutation. The reduced expression of Clock mRNA in Clock/Clock ing the genetic and molecular mechanisms underlying the entrainment, generation, and expression of circadian homozygotes could then be explained if the Clock protein product positively affects its own transcription. rhythms in higher organisms, including humans. In view of the central role played by the circadian clock in the It is of particular interest that Clock defines the second example of a circadian clock gene with a PAS dimerizaregulation of the sleep-wake cycle, the identification of the mammalian Clock gene is expected to yield new tion domain. In Drosophila, the period and timeless genes constitute two basic elements of a 24 hr molecular insights into the control of sleep and its disorders, the effects of shift work and jet lag, as well as pathologies oscillation of transcription and translation that form an autoregulatory feedback loop (Siwicki et al., 1988; Har- that occur with advanced age Van Reeth, din et al., 1990, 1992; Zeng et al., 1994; Myers et al., 1996 Myers et al., ). 1995 Sehgal et al., 1995; Lee et al., 1996) . While it is
Experimental Procedures
established that the PERIOD (PER) and TIMELESS (TIM) proteins heterodimerize and translocate to the nucleus Animals (Gekakis et al., 1995; Saez and Young, 1996) , neither of All Clock mice were produced in our breeding colony in the Center these proteins appears capable of DNA binding. Thus, for Experimental Animal Resources at Northwestern University. Colit has been proposed that PER could act as a transcripony maintenance, collection of locomotor activity data, and behavtional regulator by interacting with a transcription factor ioral testing were essentially as described in Vitaterna et al. (1994) . The Clock mutation was induced in, and has been maintained as a either as a "partner" or as a dominant-negative regulator coisogenic line by at least six generations of backcrossing to, the England Biolabs) and separated by either pulsed-field gel electrophoresis (PFGE) or field inversion gel electrophoresis (FIGE). Pulsed-C57BL/6J (B6) inbred strain. Mice used for studies reported here were the progeny of one of two types of mating. For mutation detecfield conditions were as described in Antoch et al. (1997) . Field inversion conditions were 5 V/cm for 10 min followed by switch time tion and Northern blot experiments, we used coisogenic B6 mice. Because of the isogenic strain background, the Clock genotype of ramping at 0.05 s initial reverse time, 0.01 s reverse increment, 0.15 s initial forward time, and 0.03 s forward increment for 81 cycles with these animals was determined based on the free-running period of the circadian rhythm of locomotor activity when the animals were 0.001 s reverse increment increment and 0.003 s forward increment increment for 24 hr. placed in constant darkness. For in situ experiments, we used the progeny of an intercross between (BALB/cJ ϫ C57BL/6J)F1 or F2 Clock/ϩ heterozygous mice. Because Clock was associated with Transcription Unit Analysis the B6 strain background in this cross, genotypes could be deterWe directly screened the SCN DARK and LIGHT cDNA libraries. mined using strain-specific SSLP markers that flank the Clock locus After NotI digestion and separation by FIGE, BAC insert DNA was (Dietrich et al., 1992) .
purified by ␤-agarase digestion (New England Biolabs). Radiolabeled probe was generated using the DECAprime II kit (Ambion) with gel-purified, full-length BAC insert as template; probe was puriGenetic and Physical Mapping fied with a ProbeQuant G-50 Micro column (Pharmacia). Labeled Experimental procedures for the genetic mapping of the Clock locus probe was pre-annealed to COT-1 DNA (Life Technologies) to suphave been described elsewhere . In addition to press repetitive DNA sequences (Marchuk and Collins, 1994) . Filters the mapping crosses described there, four more intraspecific backwere wiped with Kimwipes soaked in Tris-buffered saline (pH 7.5) crosses were generated using C3H/HeJ as a counterstrain. Details and incubated in 20 g/ml proteinase K (Life Technologies) at 30ЊC of these crosses will be provided elsewhere.
for 30 min. Filters were prehybridized according to Marchuk and Physical mapping of the Clock region will be described in detail Collins (1994) , then hybridized in fresh buffer with pre-annealed elsewhere. Most mouse genomic DNA clones were isolated from a probe at 65ЊC for 48 hr. Filters were washed three times for 3 hr at C57BL/6J strain, large insert YAC library (Kusumi et al., 1993) , which room temperature in 2ϫ SSC/0.1% SDS, 24 hr at 65ЊC in 2ϫ SSC/ was pooled for PCR screening by Research Genetics. We screened 0.1% SDS, and 30 min at 65ЊC in 1ϫ SSC/0.1% SDS. Positive clones these pools using the SSLP and STS PCR primers for loci mapping were plaque purified and excised using the ExAssist helper phage near the Clock locus. We used the same protocol for PCR amplifica-(Stratagene). tion that was used for SSLP genotyping , with the The cDNA selection technique developed for this positional clonfollowing modifications: the number of cycles was extended to 30, ing effort will be described in detail elsewhere. Briefly, lambda DNA the template DNA was a 1:1 dilution of the YAC DNA pools, and was obtained from plate lysates of the SCN libraries described control DNA samples were interspersed among the pooled DNA above. cDNA inserts were excised by digestion with BamHI and samples to provide reference-positive lanes. All clones identified XhoI and gel-purified from the lambda vector arms. BamHI adapters that mapped close to Clock were obtained and tested directly by from the representational difference analysis (RDA) method (Lisitsyn PCR and hybridization. et al., 1993) were ligated to cDNA inserts digested with DpnII. AmpliThe mouse BAC library (also pooled by Research Genetics) was cons from the cDNA fragments were then made by PCR as described screened by PCR to obtain 384-well plates. These plates were (Lisitsyn et al., 1993) . Genomic DNA from BAC clones was released screened in either one of two ways: dot filters of positive plates with NotI digestion, and inserts were purified by PFGE. BAC DNA were screened using 32 P end-labeled PCR primer as probe, or alterwas then digested with Sau3AI, and a different set of BamHI RDA natively, clones were identified by obtaining a replicate 384-well adapters was ligated. Amplicons from the BAC DNA were made by plate that was screened directly by PCR. Briefly, for SSLP identifica-PCR using a biotin end-labeled oligonucleotide primer. cDNA and tion, BAC 51 restriction-digest fragments were subcloned into M13 BAC amplicons were then hybridized at 65ЊC, with the addition of vector, and these subclone libraries were then screened with (CA)15 mouse COT-1 DNA, mouse ribosomal cDNA, and vector DNA to and (GT)15 oligonucleotides. Details of this screen will be provided suppress nonspecific hybridization. Hybrids were captured with elsewhere.
streptavidin-coated magnetic beads as described by Lovett (1994) . Two rounds of selection were performed, and the efficiency was cDNA Libraries monitored with a positive control (BAC DNA spiked with c-fos cDNA), Two SCN cDNA libraries, "DARK" and "LIGHT," were constructed a negative control (jun-B) and COT-1 DNA level. The selected cDNA using [(BALB/cJ ϫ C57BL/6J) F1 ϫ B6]N2 backcross mice that were fragments were cloned into Bluescript II KS(Ϫ) vector (Stratagene), either wild-type or heterozygous for the Clock mutation. Approxiand a plasmid sublibrary was constructed in E. coli DH5␣ cells (Life mately equal numbers of wild-type and Clock/ϩ heterozygous mice Technologies). BAC 51, BAC 48, c-fos, and COT-1 DNA were used were used for each library. DARK library SCN tissue was collected as probes to screen this sublibrary. Clones that hybridized with BAC in the dark at circadian time (CT, where CT ϭ 0 refers to the beginning 51, but not BAC 48, c-fos, or COT-1 DNA, were sequenced and then of the subjective day) 1, 7, 13, and 19 (107 animals) . LIGHT library searched against the NCBI data base using the BLAST algorithm animals were transferred into ambient light at CT 1, 7, 13, or 19; (Altschul et al. 1990) . To obtain complete cDNA clones, these BAC SCN tissue was collected in light 30-90 min later at CT 2, 8, 14, or 51 positive cDNA fragments were pooled together to screen the 20 (103 animals). cDNAs were unidirectionally cloned using the ZAP SCN LIGHT cDNA library. Hybridizations were performed at 42ЊC in Express Kit (Stratagene). Primary libraries contained 1.7 ϫ 10 6 buffer containing 50% formamide, 10% dextran sulfate, 1 M NaCl, (DARK) and 1.2 ϫ 10 6 (LIGHT) pfu/g vector; 1 ϫ 10 6 pfu from 1% SDS, and 0.1 mg/ml salmon sperm DNA. Filters were washed each library were plate amplified once. Average insert sizes for the once in 2ϫ SSC at room temperature and twice in 0.1ϫ SSC and libraries were 2.3 kb and 2.2 kb for the DARK and LIGHT libraries, 0.1% SDS at 55ЊC. respectively; the insert sizes for both libraries ranged from 0.6 to All candidate clones obtained by direct SCN cDNA library screen-5.2 kb.
ing and cDNA selection were confirmed to be in the Clock region by using them as probes on a Southern blot containing HindIIIdigested BAC DNA (see below). BAC DNA Isolation BAC DNA for cDNA selection and for library screen probe production For shotgun sequencing of genomic BAC clones, detailed protocols for BAC DNA preparation, small-insert M13 library construction, was isolated by alkaline lysis of a 50 ml overnight culture followed by phenol:chloroform extraction and ethanol precipitation (Samand sequence-ready template preparation will be described elsewhere. Briefly, BAC DNA was prepared by large-scale alkaline lysis brook et al., 1989) . DNA was resuspended in TE (10 mM Tris, 1 mM EDTA [pH 8.0]) containing 20 g/ml RNase A (Boehringer Mannof two-liter cultures, followed by a two step CsCl gradient purification. DNA (5 g) was sonicated, and blunt ends were generated by heim). BAC DNA was further purified by precipitation in 1 M NaCl and 6.5% PEG 8000 (Sigma) at 0ЊC for 20 min; samples were centrimung bean nuclease (NEB). Samples were run on a 0.8% SeaPlaque GTG agarose gel (FMC Bioproducts) for size selection of insert DNA. fuged at 4ЊC for 20 min at 16,000 g, washed in 70% ethanol, and resuspended in TE. All BAC inserts were digested with NotI (New The 1.3-1.7 kb range was gel purified using ␤-agarase (NEB) and blunt end ligated into M13mp19 (Pharmacia) with T4 DNA ligase [␥-32 P]ATP using T4 polynucleotide kinase and purified by polyacrylamide gel electrophoresis. Hybridization was performed as de-(NEB). Ligation products were electroporated into E. coli XL1 Blue MRF' cells (Stratagene). M13 templates for cycle sequencing were scribed in Fukada et al. (1996) . For in situ hybridization, mice were killed by cervical dislocation prepared by a modified solid phase reversible isolation protocol (Hawkins et al., 1994) . M13 insert sequencing reactions were perat ZT6 after they were housed in LD12:12 for 2 weeks. Brains were rapidly removed and frozen on dry ice. Coronal sections of 20 m formed using an Applied Biosystems (ABI) PRISM Catalyst Turbo 800 Molecular Biology LabStation with the ABI Dye Primer Cycle thickness were thaw mounted on subbed slides. In situ hybridization was performed as described by Suhr et al. (1989) .
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S-labeled riboSequencing Ready Reaction Ϫ21M13 FS Amplitaq Kit; sequencing reaction products were separated on an ABI 377 DNA Sequencer.
probes were transcribed from yz50, a 2.8 kb cDNA clone in the pBK-CMV phagemid vector. This phagemid was linearized with SacI to Sequences were analyzed and aligned using SEQUENCHER 3.0 (GeneCodes); each sequence was used to search NCBI data bases generate an antisense template of 2.4 kb or with NotI to generate a sense template of 2.8 kb. for nucleotide, EST, and protein homology.
cDNA Sequencing
Southern Blot Analysis Clock gene cDNA for sequencing was prepared by alkaline lysis, For BAC Southern blot hybridization, DNA from BACs 48 and 50 followed by CsCl density gradient purification. Dideoxy sequencing (negative controls) and 51, 52, 53, and 54 were digested with HindIII reactions were performed using the ABI Dye Terminator Cycle Se-(Pharmacia). Each BAC DNA (2.5 g) was separated on a 1% agaquencing Ready Reaction FS Amplitaq kit. Primers for sequence rose gel (Life Technologies), transferred to a nylon membrane (Genewalking were designed from the cDNA and genomic sequences and Screen Plus, NEN Research Products), and immobolized by UV were synthesized by Integrated DNA Technologies (Coralville, IA).
cross-linking. Six blots were prepared. Probes were labeled by the All clones were sequenced on both strands. random priming method (Ready-To-Go, Pharmacia). Hybridization was performed at 42ЊC in buffer containing 6ϫ SSC, 50% formamide, Mutation Detection 1% SDS, 0.1% Blotto, and 0.1 mg/ml salmon sperm DNA. Blots PCR primers were designed, using the genomic sequence obtained were washed once in 2ϫ SSC at room temperature, and twice in from shotgun sequencing, to flank each exon bearing coding se-0.1ϫ SSC/0.1% SDS at 45ЊC. quence. Each exon sequence (and the intronic sequence immediFor the zoo blot, the following tissues were used for each verteately flanking it) was amplified by PCR from 8 B6 isogenic DNA brate: whole blood (human); liver (mouse, hamster, chicken, and samples obtained from tail-tips of 4 wild-type and 4 Clock/Clock frog); liver and brain (lizard); whole body minus head and viscera mice. These PCR products were purified using a solid phase revers-(zebrafish). Genomic DNA from human blood was extracted acible isolation protocol (Hawkins et al., 1994) , and 25-100 ng of temcording to Current Protocols in Human Genetics (Dracopoli et al., plate DNA was sequenced using the ABI Dye Terminator chemistry 1994). For all other samples, tissues were frozen in a dry ice/ethanol described above.
bath, and DNA was prepared using proteinase K digestion and phe-RT-PCR was carried out on ‫002ف‬ ng of hypothalamic RNA obnol/chloroform extraction. The DNA was digested with PstI, electrotained both from wild-type and Clock/Clock mice. Reactions were phoresed in a 1% agarose gel (Life Technologies), and alkaline blotperformed using the GIBCO-BRL SuperScript Kit. RNA was reverse ted onto a GeneScreen Plus membrane (NEN Research Products). transcribed by three priming methods: oligo d(T) [12] [13] [14] [15] [16] [17] [18] , random hexBecause of the complex intron-exon structure of the Clock gene, amer primers, and a gene-specific primer from the 3Ј end of Clock Southern blots using probes with multiple exons yielded complex (5Ј-AGCTACCAACACTGTTAGTGCTCTTCGG-3Ј). Following the rehybridization patterns. The probes for hybridization were prepared verse transcription, samples were amplified (forward primer: 5Ј-GCG by PCR amplification in the presence of [␣-32 P]dCTP using primers AGAACTTGGCATTGAAGAG-3Ј; reverse primer: 5Ј-CTGTGTCCACT from: (1) the PAS-B domain (5Ј-TGTGTACTGTTGAAGAACCAAATG CATTACACTCTGTTG-3Ј) using the following parameters: 94ЊC
AAGAGTT-3Ј and 5Ј-GTGACATTTTGCCAGATTTTCTAGGTCATGfor 3 min; 30 cycles of 94ЊC for 1 min, 55ЊC for 1 min and 72ЊC for 3Ј) and (2) the C-terminal region of Clock (exons 15-21) using the 1.5 min; 72ЊC for 10 min, and a 4ЊC hold. PCR products were sepa-PCR primers used for RT-PCR ( Figure 5B ). Hybridization was perrated on 2% NuSieve agarose gels (FMC Bioproducts) containing 0.5 formed at 55ЊC in buffer containing 6ϫ SSC, 5ϫ Denhardt's solution, g/ml ethidium bromide and were visualized by UV transillumination. 0.1 mg/ml salmon sperm DNA, and 0.1% SDS. The blot was washed Each band of the RT-PCR reaction was gel purified, reamplified once in 2ϫ SSC at room temperature, and twice in 2ϫ SSC/0.1% using 25 cycles of the PCR protocol described for the initial RT-PCR, SDS at 45ЊC (Fukuda et al., 1995) for the PAS-B probe and two and sequenced on both strands using the same protocol that was additional washes in 0.5ϫ SSC/0.1% SDS at 55Њ for the C-terminal described for the genomic exon PCR samples.
probe.
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